Neoplasms with mixed carcinomatous and sarcomatous growth patterns occur in many organs and tissues. The pathogenesis of these cancers is thought to be either the result of two independent neoplastic processes merging to form a single tumor, or a neoplasm of monoclonal origin that develops phenotypic diversity. To address this issue, we characterized molecular alterations in separately microdissected epithelial and sarcomatous areas in three cases of pancreatic mucinous cystic neoplasms with sarcomatous stroma. Using microsatellite markers for six chromosomal loci commonly deleted in infiltrating ductal adenocarcinomas of the pancreas, we found genetic alterations to be virtually identical between the sarcomatous and epithelial components of two of the three neoplasms. In the third neoplasm, we found allelic losses and retentions to be identical at five of the six chromosomal loci, but at a single locus, we noted allelic loss in the neoplastic epithelial component but not the sarcomatous component. The same neoplasms were also analyzed for activating point mutations in codon 12 of the K-ras gene by using mutant-enriched polymerase chain reaction and allele-specific oligonucleotide hybridization. A K-ras mutation was identified in the epithelial component of one of the three neoplasms (the same tumor with an additional allelic loss in the neoplastic epithelial cells), but the sarcomatous component of this tumor was wild-type at codon 12 of K-ras, as were both components of the other two neoplasms.
Neoplasms with mixed epithelial and sarcomatous differentiation are relatively common and have been reported in a variety of organs including the breast, lung, uterus, bladder, skin, head and neck, pancreas, and prostate (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In some of these neoplasms, a transition between the epithelial and stromal components can be readily recognized, whereas in others, the carcinomatous and sarcomatous portions of the tumor are distinct.
The pathogenesis of these neoplasms, particularly those with distinct epithelial and mesenchymal components, has remained a subject of controversy (1) . One possible explanation for the mixed growth pattern is that two neoplasms of independent pathogenesis converge (collision tumor), whereas the more commonly held hypothesis is that a single neoplasm of monoclonal origin develops divergent patterns of gene expression during the evolution of the neoplasm (1) .
Modern molecular genetic techniques combined with careful microdissection now make it possible to resolve this controversy. If the two components are independent processes, then they should show distinct genetic alterations. If, conversely, they represent a single neoplasm of monoclonal origin that only later develops divergent differentiation, then one would expect the two components to show shared genetic alterations.
The pancreatic mucinous cystic neoplasm with sarcomatous stroma is an ideal tumor type to study such divergent differentiation for two reasons. First, these neoplasms have been well characterized microscopically and immunohistochemically (13) . Second, the epithelial component lines easily identified cystic spaces, greatly increasing the ease and precision of microdissection. The two components of the neoplasm can therefore be separately analyzed.
We conducted a molecular analysis of three pancreatic mucinous cystic neoplasms with sarcomatous stroma. Our analysis included assessment of chromosomal alleles at six loci commonly affected by loss of heterozygosity in infiltrating ductal carcinomas of the pancreas and mutational analysis of codon 12 of the K-ras gene, which is frequently mutated in ductal pancreas cancer (14 -16) . By selectively microdissecting sarcomatous, neoplastic epithelial, and normal cells from the tissues, we determined whether phenotypically different areas of the neoplasm shared a molecular genetic pathogenesis.
MATERIALS AND METHODS

Tissues
Formalin-fixed paraffin-embedded blocks were obtained from three well-characterized and previously reported pancreatic mucinous cystic neoplasms with sarcomatous stroma (13) . The neoplastic epithelial and sarcomatous components of these neoplasms were separately microdissected, as has been described (17) (18) (19) . Briefly, the blocks were sectioned at 12 , stained with hematoxylin and eosin, visualized with an inverted microscope, and dissected using a 26-gauge needle. First, subepithelial stroma was removed, and then inflammatory cells and other non-neoplastic tissues were removed, allowing for clean dissection of sarcomatous and neoplastic epithelial cells. Each component was microdissected to more than 95% cellularity. Normal tissue from each case was similarly microdissected from adjacent non-neoplastic stroma, acini, or inflammatory cells. The microdissected tissues were then digested overnight in buffer containing 0.5% NP40 and 200 g/mL proteinase K. This lysate was then used directly in polymerase chain reactions (PCR).
Microsatellite Analysis
Polymorphic microsatellite markers were selected to amplify the following chromosomal regions with known tumor suppressor genes or frequent loss of heterozygosity in infiltrating ductal cancers of the pancreas: D9S156 at 9p21 (the p16 gene); TP53 and CHRNB1 at 17p13 (the p53 gene); D18S474, D18S46, and D18S4655 (the DPC4 gene); D3S1286 and D3S1293 (chromosome 3); D6S292 and D6S261(chromosome 6); and D8S264 and D8S261. All microsatellite marker primers were purchased from Research Genetics (Huntsville, AL) and amplified using 30 to 35 cycles of PCR and annealing temperatures of 56 to 58°C. PCR products were then separated by denaturing gel electrophoresis and visualized by autoradiography. Loss of heterozygosity was scored when one allele showed a greater than 80% reduction in intensity in tumor DNA compared with normal DNA. All findings were validated by a repeat reaction with the same primers or a similar result in a reaction with an adjacent primer.
K-ras Gene Mutations
The microdissected foci were evaluated for activating point mutations in codon 12 of K-ras as has been previously described (20) . Briefly, DNA was isolated and subjected to PCR amplification using primers A (5Ј-ACT GAA TAT AAA CTT GTG GTA GTT GGA CCT-3Ј) and D (5Ј-TCA TGA AAA TGG TCA GAG AAA CC-3Ј). This set of primers introduces an Mva 1 restriction site in PCR products derived from wild-type codon 12 alleles. Mutant enrichment was performed by digestion of the PCR product using the restriction enzyme Mva 1. This enzyme cleaves the wild-type but not the mutant alleles of K-ras. A 1-l aliquot of the digested first PCR was then subjected to a second round of amplification using the semi-nested primers A and B (5Ј-TCA AAG AAT GGT CCT GGA CC-3Ј). The resulting DNA fragments were then spot-blotted onto seven different nylon membranes, and each of these separate membranes was hybridized with an allele-specific oligonucleotide probe for the wildtype K-ras sequence or for one of the six possible mutations in codon 12 of K-ras. Positive controls included cloned wild-type and mutant sequences, and no DNA was added in the negative controls. All allele-specific oligonucleotide analyses were performed in duplicate.
RESULTS
Pathology and Clinical Features of Tumors
The clinical, radiographic, gross, microscopic, and immunohistochemical staining characteristics of the three cases have been previously reported (13) . Briefly, all three neoplasms occurred in the tail of the pancreas, all three were large and multicystic, and all three contained a mucin producing epithelial component (Figs. 1A, B) and a sarcomatous component (Figs. 1C, D) (13) . The epithelial component was composed of columnar to cuboidal cells with varying degrees of atypia ranging from benign to atypical to overtly malignant (13) . The epithelial component in all three cases expressed cytokeratin (Fig. 1B) , epithelial membrane antigen, and carcinoembryonic antigen (13) . The sarcomatous components in all three cases variably expressed vimentin and actin, and in two cases it expressed estrogen and progesterone receptors (13) . One patient had omental metastases composed entirely of sarcomatous stroma.
Loss of Heterozygosity
All three neoplasms were found to have a polymorphism for at least one microsatellite marker at each of the six chromosomal loci studied, and all three were therefore informative at all six loci. All three cases showed retention of chromosomal arm 3p and loss of heterozygosity (LOH) of chromosomal arm 6q. In addition, LOH was identified in one of three cases for chromosomal arm 8p, in two of three cases for chromosomal arm 9p, in two of three cases for chromosomal arm 17p, and in one of three cases for chromosomal arm 18q (Table 1, Fig. 2 ).
Remarkably, with one exception, the patterns of allelic loss, including both the chromosome arms lost and the specific alleles lost, were identical for the sarcomatous and neoplastic epithelial components of these neoplasms. The single exception to this observation was the LOH of chromosomal arm 9p seen in the neoplastic epithelial cells, but not the stromal cells, of Case 3. 
Mutational Analysis of the K-ras Oncogene
Samples of the neoplastic epithelial and sarcomatous components from each neoplasm were individually evaluated for activating point mutations in codon 12 of the K-ras gene. For Cases 1 and 2, no K-ras mutations were seen in either component of the tumor; however, the stromal component was not amplifiable in Case 1. In Case 3, a GGT3 GAT mutation of codon 12 was seen in the neoplastic epithelial cells, but not in the stromal cells. These results parallel the finding of LOH at 9p in the neoplastic epithelial cells, but not the sarcomatous cells, of Case 3 (Table 1, Fig. 3 ).
DISCUSSION
The pathogenesis of human cancers is thought to be the result of genetic instability that produces multiple genetic alterations, of which some activate growth-promoting genes (oncogenes) and others inactivate growth-suppressing genes (tumor suppressor genes) (21, 22) . These genetic alterations most likely occur in a series of steps, with clonal expansion of cells occurring when genetic alteration results in a selective growth advantage (23) . In most cancers, neoplastic cells can be demonstrated to be clonal in origin by virtue of all cells having a "fingerprint" of identical genetic changes. However, genetic heterogeneity also occurs even though the cancers, on the basis of sharing a majority of genetic changes, appear to be clonal in origin (24) . For example, substantial genetic heterogeneity has been demonstrated in colorectal neoplasms, intraductal cancers of the breast, and in intraductal papillary-mucinous neoplasms of the pancreas (17) (18) (19) 24) .
The purpose of this study was to characterize the molecular changes in pancreatic mucinous cystic neoplasms with sarcomatous stroma, specifically to determine whether or not the neoplastic epithelial and sarcomatous portions of the neoplasm have genetic alterations consistent with a common clonal origin. These neoplasms were selected for study because they are otherwise well characterized and because the neoplastic epithelial and sarcomatoid cells are clearly distinct from one another and, thus, can be individually sampled by microdissection.
In two of the neoplasms examined, the patterns of allelic losses and retentions were identical and both components were found to be wild-type for K-ras. These results are consistent with the two cell types sharing a common clonal origin. In the third neoplasm, losses and retentions were the same for the two components at five of the six chromosomal loci, and at one locus (9p21), LOH was seen in the neoplastic epithelial cells, but not the sarcomatous cells. Genetic heterogeneity was also seen in this tumor for K-ras mutations, which were present in the neoplastic epithelial cells, but not the sarcomatous component. These results are consistent with the neoplastic epithelial and sarcomatous components sharing a common clonal origin, with superimposed genetic heterogeneity that occurred during tumor progression.
It is somewhat surprising that more genetic heterogeneity was not seen, given the phenotypic diversity of these cancers. It is likely that the phenotypic differences in the two regions of the cancer are the result of genetic alterations at loci and genes that we did not investigate.
The allelotype at six chromosomal loci and mutational analysis of K-ras in these cases also allowed us to compare the genetic alterations of mucinous cystic neoplasms with sarcomatous stroma of the pancreas with the more common infiltrating ductal carcinomas of the pancreas (14 -16) . The genetic alterations of ductal carcinomas have been well characterized, and the majority of these cancers have activating point mutations of codon 12 of K-ras, inactivation of p16 (on chromosomal arm 9p), mutations of p53 (on chromosomal arm 17p), and mutations of DPC4 (on chromosomal arm 18q) (16, (25) (26) (27) (28) (29) (30) (31) . Although our sample size was small, only one of these mucinous neoplasms harbored a K-ras mutation compared with a frequency of K-ras mutations in ductal pancreatic cancers of 90% (16) . Similarly, other genetic alterations, including LOH of 18q, were not as prevalent in the pancreatic mucinous cystic neoplasms with sarcomatous stroma as they are in infiltrating ductal cancers of the pancreas. These molecular differences correlate with substantial differences in the pathologic and clinical features of the two neoplasms.
Although Thompson et al. (32) did not identify any K-ras mutations in over 50 mucinous cystic neoplasms of the pancreas that they analyzed, we identified an activating point mutation in codon 12 of K-ras in one of three mucinous cystic neoplasms with sarcomatous stroma. This difference may reflect differences in methodologies or differences in the biology of these closely related neoplasms (33) .
In conclusion, neoplasms with both epithelial and sarcomatous differentiation are rare, but they FIGURE 3. Representative autoradiograph of the K-ras codon 12 point mutation analysis. Four nylon membranes, each hybridized with a different radioactive-labeled oligonucleotide specific for the sequence of the wild-type codon 12 (left lane), and six possible mutations, three of them depicted. On each membrane in the left lane, the nonenriched polymerase chain reaction products are represented and in the right lane the mutant-enriched PCR products. co, hybridization controls, on each membrane cloned DNA fragments with a known codon 12 sequence complementary to the labeled oligonucleotides are used for the hybridization of that membrane; 1 and 2, DNA isolated from the epithelial and stromal component respectively of Case 2, both with a wild-type K-ras codon 12 sequence; 3 and 4, DNA isolated from the epithelial (3) and stromal (4) component of Case 3 with a mutation in the epithelial component (GGT to GAT), resulting in an amino acid change from glycine to aspartic acid pla, placenta DNA, control for nonspecific hybridization; H 2 O, negative water control; 1:00 and 1:1000, positive controls containing DNA from cell suspensions with mutant wild-type ratios of 1:100 and 1:1000; the suspensions were made of the human colon cancer cell line SW 480 with a homozygous GGT to GTT mutation at codon 12 of K-ras (glycine to valine) and the human colon cancer cell line HT 29 with wild-type K-ras.
provide a unique opportunity to study divergent differentiation in a neoplasm. Although mucinous cystic neoplasms with sarcomatous stroma appear to have patterns of genetic alterations distinct from the more common ductal cancers of the pancreas, genetic alterations are largely shared between the neoplastic epithelial and sarcomatous cells, suggesting that these two components of the tumors share a common clonal origin.
